Abstract-An important aspect of wind power plant (WPP) impact studies is to evaluate the short-circuit (SC) current contribution of the plant into the transmission network under different fault conditions. This task can be challenging to protection engineers due to the topology differences between different types of wind turbine generators (WTGs) and the conventional generating units.
I. INTRODUCTION
nergy and environmental issues have become one of the biggest challenges facing the world. In response to energy needs and environmental concerns, renewable energy technologies are considered the future technologies of choice [1] , [2] . Renewable energy is harvested from nature, and it is clean and free. However, it is widely accepted that renewable energy is not a panacea that comes without challenges. With the federal government's aggressive goal of achieving 20% wind energy penetration by 2030, it is necessary to understand the challenges that must be overcome when using renewable energy.
In the years to come, there will be more and more wind power plants (WPPs) connected to the grid. With the goal of 20% wind penetration by 2030, the WPP's operation should be well planned. The power system switchgear and power system protection for WPPs should be carefully designed to be compatible with the operation of conventional synchronous generators connected to the same grid. This paper illustrates the behavior of short-circuit (SC) current contributions for different types of WTGs.
A. A Typical Wind Power Plant
As shown in Figure 1 , a WPP consists of many (hundreds) of wind turbine generators (WTGs). Currently, available WTG sizes are between 1 MW and 5 MW. The WTG is connected at a low voltage level (e.g. 600 Volt), and a padmounted transformer is connected to step up the voltage to 34.5 kV.
Several turbines are strung together and connected in a daisy chain fashion. The collector system is connected to the substation transformer where the voltage is stepped up to higher voltage (e.g., 230 kV) and the power is transmitted over long distance. Thus, a 300-MW wind power plant may consist of 300 turbines connected to the grid.
In this paper, the fault current limiter (FCL) is proposed to be installed at the collector side (34.5 kV) of the substation transformer. Thus, the FCL will be able to protect the entire WPP.
B. Organization of the Paper
The organization of this paper is as follows; in section II, the FLC description and method of operation will be covered. In section III, the SC current characteristics of different WTG types will be presented. In section IV, the characteristics of different faults will be discussed. While in section V, the effectiveness of FCLs will be presented. Finally, in section VI, the conclusion will summarize the paper findings. 978-1-4577-1002-5/11/$26.00 ©2011 IEEE
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II. FAULT CURRENT LIMITER
A. Principle of Operation
The saturable core FCLs [3] consist of a set of coils wound around one or more ferromagnetic cores. A high-temperature superconducting (HTS) magnet is coupled to the core region in such a way that the DC magnetization force can saturate the magnetic material. As shown in Figure 2 , each AC phase consists of two coils connected in series and wound around two core regions. Under normal operating conditions the operating point on the Φ-I curve is always in the saturated region due to the DC bias, as depicted in Figure 3 (a). AC positive flux shifts the operation point further into the saturated region due to the magnetic field of one of the AC coils that boosts the existing DC bias. The other AC coil has an opposite effect and its magnetic field bucks the existing DC bias. All this happens in the region shaded in green in Figure 3(a) , where the slope of the curve and therefore the resultant inductance of the FCL are very small. Under a fault, the operating point on the Φ-I plane is transitioned through the high slope, and therefore high inductance regions, as illustrated in red in Figure 3 (a).
The corresponding flux changes in each of the coils are shown in Figure 3b under normal conditions and in Figure 3c under SC conditions. The total voltage E is shown as the thick line in Figures 3d  and 3e , where the unsymmetrical portions cancel each other. Note that there is a 90 o phase shift between the generated voltage and the flux changes. The corresponding voltages generated across the coils are shown in Figure 3d . As shown in Figure 3d , the generated voltage in the boost coil and buck coil are symmetrical, and from the series connection of the coils and the way they were connected, the total generated voltage (E) across the series coils is the sum of both voltages generated across each coil. The total voltage E is shown as the thick line. Note that there is a 90 o phase shift between the generated voltage and the flux changes.
In the SC condition, the SC current is very large, thus it drives the operating points to operate beyond the linear region of the φ−i curves. As shown in Figure 3a , the operating point moves along O"1"O"2"O" in the φ−i, for the buck coil and similarly, the operating point moves along O'1'O'2'O' for the boost coil where the operation reaches outside the linear region. The corresponding flux changes in each of the coils is shown in Figure 3c . As shown in Figure 3c , the flux changes will be very large for the same amount of current change and the voltage drop across the FCL will also be very large.
As shown in Figure 3a , a very small change in the flux (Δφ normal ) is produced when the system operates under normal current because the operating points are in the saturation region of the magnetic circuit. The corresponding voltages generated across the coils are shown in Figure 3d . As shown in Figure 3d , the generated voltage in the boost coil and the buck coil are non symmetrical, however, from the series connection of the coils and the way they were connected, the total generated voltage (E) across the series coils is the sum of the voltages generated across each coil.
On the other hand, the change in flux (Δφ fault ) is very large when a fault current is flowing in the coil. During the fault, the operating points are driven out of the saturation region into the linear region of the magnetic circuit, producing a large back EMF across the AC coils as depicted in Figure  3 (e).
B. Basic Equations in an FCL
The nonlinear model which describes the behavior of the device is based on the physical principle described above. The core material has B-H characteristics that can be approximated by an inverse tangent function [3] . We begin by estimating the linkage magnetic field in the core section seen by one AC coil as sat ac sat ac
where i ac is the instantaneous AC line current, I max is the line current it takes to fully saturate the cores, at which point the average magnetic field is B sat , and K determines the range of line currents where the magnetic state of the cores are actively changing from saturated to unsaturated. The equation is scaled in such a way that B = B dc _ bias at i ac = 0 (bias point, corresponding to point O' or O" in Figure 3a) , and the majority of the change in field occurs just before i ac = I max .
For a value of B sat = 2.2 Tesla, and I max =30kA, and two different values of K, the differential flux density ΔB(i ac )
caused by AC currents is shown in Figure 4 .
The effective inductance of an individual AC coil in the FCL can be computed as follows:
is the differential inductance, n ac is the number of turns in the AC coil that carries the line current, and A core is the cross-sectional area of the ferromagnetic core material. Figure 5 shows the plot of the differential inductance for different operating currents for K=2 and K=5. In some cases, this model is improved by imposing two additional conditions. First, L must be greater than or equal to an additional parameter called L air when the differential current δi ac is small. This value represents the insertion impedance as an equivalent air-core inductance L air corresponding to line "AO"B" or A'O'B' in Figure 3a . Furthermore, if δi ac is greater than I max , then L moves beyond the saturation region into linear magnetization region. This accounts for the fact that when the line current is very large, the FCL's magnetic core is reverse saturated and the impedance is once again approximately equal to the insertion impedance of an equivalent air-core inductor. Note that the inductance changes significantly before the value of defined I max .
The induced voltage or back EMF across this section of As shown in Figure 6 , the voltage drop across the FCL varies depending on the operating point of the FCL.
The equations above provide a general framework for describing the behavior of an FCL in an electric circuit. This framework requires four input parameters: I max , B sat , K, and L air . As shown in Figure 4 through Figure 6 , the value of K influences the shape of the curve. The value of K is designed based on the dimensions, the characteristics of ferromagnetic material used (i.e., non linear relative permeability, μ r ), and the choice of the number of turns used for the AC coil. The characteristics can be shaped to satisfy the design criteria.
As described in the following sections, we use finite element methods (FEM) simulations to calculate the average magnetic flux for various static values of superconducting currents and line currents. We then take these flux values and use a least-squares fitting procedure to determine the above parameters. Finally, we use some form of electrical simulation software (such as PSCAD®) to implement the nonlinear inductance model and compare it to experimental results from the extensive tests performed on the 15-kV FCL device [3] .
III. The Effect of FCLs on SC Current Contribution for WTG Type 1 -Induction Generator
To investigate the impact of FCLs on SC current (SCC) contribution, an FCL is installed in series with the line at the low voltage side of the substation transformer. In Figure 7 , the single-line diagram of a typical WPP is shown [4] . With the insertion of the FCL, the SCC from all WTGs within the wind plant will be subjected to the change in FCL inductance due to the changes in current.
First let us consider the WTG Type 1 (induction generator) used in the WPP investigated. The block diagram of the wind turbine Type 1 is shown in Figure 8 . 
A. Three Phase Faults
In this section, the aggregated contribution of all WTGs in a WPP is considered. The main difference between the characteristic of the three phase fault in a synchronous generator and an induction generator is the nature of field excitation. In a synchronous generator, the field winding is controlled by the field excitation and the field current continues to be present during the fault, generating the EMF voltage E driving the fault currents [5] [6] . In an induction generator, when there is a three phase fault at the terminals, the voltage at the stator winding terminals drops to zero and there is no grid voltage available to maintain the magnetic flux. The magnetic flux in the air gap eventually dissipates as the fault progresses [7] [8] [9] . Fig.9 . Voltage at the substation transformer for a three phase fault. Figure 9 shows the voltage at the low voltage side of the substation transformer when the three phase fault occurs. As shown, the voltage quickly dies out when the three phase fault sustains for many cycles, however, when the FCL is inserted in series with the line, the voltage dies out in a longer time constant.
The fault currents of the two systems are compared. It is shown in Figure 10 that a significant current reduction is achieved when the FCL is installed. Without the FCL, the peak of the fault current reaches 10 kA. With the FCL installed, it can reduce the limit the peak of fault current down to 4 kA. 
B. Single line-to-ground (SLG) Fault
The single line-to-ground (SLG) fault has significant implications on WTG applications, especially for Type 1 and Type 2 machines. Under this type of fault, unequal current flows in the three phases and the unfaulted phases are still available to excite the generator fluxes. Thus, the system within the power plant is operated under unbalanced condition at 60 Hz operation until the fault is removed.
The FCL is represented as variable impedance in the diagram. Under an SLG fault, the FCL behaves differently among the three phases. The larger the current flow in any phase, the larger the apparent impedance of the FCL at that phase. As a result, it has a balancing impact on the overall system. Figure 11 shows the system without the FCL and produces a larger fault current in the faulted line. The unbalanced series impedance among the three phases with the FCL is such that the system tends to have less fault current on the faulted line.
From Figure 11 , the inductance in the faulted line (phase a) appears to be the largest among the three lines. It is also shown that due to the variation of the instantaneous inductance, the nonlinear variation due to the magnetic saturation creates a less than perfect sinusoidal current during the fault.
The comparison between the two simulations of an SLG fault with and without FCL in the circuit shows that the presence of the FCL in the circuit will create more balanced currents in the system during a fault event. Figure 12 shows the three sequence currents (positive, negative, and zero sequence currents). The response of the system with and without FCL is shown on the same graphs.
It is shown that for the positive, negative, and zero sequence currents, there is a significant reduction of transient currents during the first few cycles during the faults. This reduction can significantly impact the transient torque production. The concept of minimizing unbalanced voltage on induction machines with unsymmetrical series components has been proven to be effective [10] [11] . The same concept can be extended to a WPP by using a FCL at the substation transformer. Figure 13 shows the impact of a FCL on the transient tor-que reduction in an induction generator during an SLG fault. As shown in the figure, there is a significant reduction in the fault current, as well as a significant reduction in the torque spike in the induction generator after the FCL is installed in series with the circuit. In this operation, it is important to note that if the operation under unbalanced condition is left unnoticed, it may cause serious damage to the induction generator due to the unequal heating in the stator windings and the torque pulsations that may excite mechanical modes of the WTGs [12] . Although an unbalanced fault occurs for a very short duration, nevertheless, the resulting torque spike may damage the gear box from frequent faults that may occur in the lines.
IV. The Effect of FCL for Different WTG Types
In this section, the SCC contributions of different WTGs for faults at the terminal of the generator are discussed. The three phase faults for different types of WTGs are short in duration because the air gap flux collapses without the support of sufficient terminal voltages. The duration of the fault is the longest for a Type 1 WTG.
Type 2 WTG has lower SCC and a shorter time constant. The insertion of external rotor resistance into the rotor winding into the circuit reduces the SCC and the duration of the SCC.
Similarly, for a Type 3 WTG, the SCC and the duration of the three-phase-to-ground fault are shorter than for a Type 1 WTG. In a Type 3 WTG, there is a crowbar circuit that is used to protect the DC bus and the power switches in the power converter. The crowbar, in effect, adds adjustable effective rotor resistance and can even short circuit the rotor winding.
For a Type 4 wind turbine, the generator and grid is separated by a power converter. The power converter is limited by the current carrying capability of the power semiconductor used. Thus, the SCC contribution from a Type 4 wind turbine is limited to 110% of rated current (assuming temporary overload current is designed to be 110% rated). The SCCs from the WTG can be maintained in balance by controlling the power converter.
The SLG fault is the most likely to occur in the power grid. The terminal voltage and currents are sustained longer because the line voltages, except from one phase, are able to sustain air gap flux. The SC continues to flow until the fault is cleared.
The FCL is also installed in Type 2 and Type 3 WTGs and the reduction in SCCs and the torque transient are compared between the system without FCL and the system with the FCL. The comparison in SCC reductions are tabulated in Ta In this paper, the role of FCLs is described in detail for Type 1 WTG. From section III, it is shown that the FCL can effectively reduce the SCCs for the Type I wind turbine generator. It is also shown that for single line-to-ground and other types of unsymmetrical faults, the FCL behaves like an equalizer such that not only the reduction in the positive, negative, and zero sequence currents are achieved, but also the timing of the reduction is very beneficial. The most significant reduction of those sequence currents occurs during the transient (at the few cycles in the beginning of the faults), thus, as a result, the transient torque is reduced very significantly.
In section IV, the SCC contribution for different types of WTGs is tabulated as the ratio of SCC for a WPP with FCLs to the SCC for a WPP without FCLs. A table showing the reduction in transient torque for different faults and different WTGs is also tabulated in the same fashion. As shown in both tables, there is significant improvement in the SCC and the transient torque reductions for a WPP with FCLs.
The designs of the FCL for different types of WTGs must be designed specific to the WTG technology because the nature of the SCC contribution is unique for each type of WTG.
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